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The binding of five barley proteins (Mr: 37, 36, 35, 34, and 30 kDa) to the ICR2 motif present at the 5* end of brome
mosaic virus (BMV) RNA-2 was identified using UV cross-linking. Evidence that the interaction is specific included the
observation that these proteins did not recognize a similar-size RNA fragment transcribed from a nonviral (b-glucuronidase)
gene, nor did they bind to the 3* end of the plus strand of RNA-3. Replication-defective BMV RNA-2 mutants bearing
substitution mutations at nucleotides 9 and 10 of the ICR2 motif were used to show that these positions were involved in
the interaction of the five barley proteins with BMV RNA-2. Surprisingly, the profile of barley proteins interacting with the
3* end of the minus strand of RNA-2 was similar to that seen for the 5* end of the plus strand. Further, the profile of proteins
binding to minus-sense probes bearing substitution mutations in the ICR2 region differed from that found for the wild-type
sequence. These findings support the concept that host proteins are involved in genome replication and that their ability
to interact with both plus and minus strands of the viral RNA is probably involved with the initiation of plus-strand synthesis.
q 1995 Academic Press, Inc.
Extensive mutational analysis has identified many cis- replication process. This concept is in accord with knowl-
edge that bacterial translation elongation factor EF-Tu:Ts,acting elements essential for replication of brome mosaic
virus (BMV) RNAs. The promoter elements of the three the ribosomal protein S1, and at least one other host
protein serve as integral components of the RNA-depen-genomic RNAs exhibit several tRNA-like features: the 3*
termini that contain the minus-strand promoter (1) can dent RNA polymerase of the plus-strand bacteriophage
Qb (14, 15).be folded into a tRNA-like structure (2), can be tyrosylated
(3), can serve as a template for nucleotidyl transferase Andino et al. (16, 17) demonstrated that polioviral pro-
teins 3Cpro and 3Dpol and a host factor interact with the(4), and interact with elongation factor EF-1a (5). In the
case of the plus-strand promoter elements, motifs resem- cloverleaf structure formed by the first 100 nucleotides at
the 5* end of the poliovirus genomic RNA. These findingsbling the internal control region (ICR) elements of tRNA
gene promoters, especially those resembling the ICR2 differ from those reported for rubella (18, 19) and Sindbis
motif, have been found to be essential for viral RNA repli- (20, 21) viruses, in which it was demonstrated that certain
cation (6–8). Whereas the ICR2 motif essential for repli- host proteins interacted specifically to regions, thought
cation lies at the 5* termini of RNAs-1 and -2, it is present to be essential for plus-strand synthesis, in the 3* end
in the intercistronic region of RNA-3. of the minus strand. The present study was undertaken
Previous studies have established the requirement for in order to obtain insight to interactions of host proteins
BMV-encoded proteins p1a and p2a in virus replication with elements of the BMV genome that have been identi-
(9, 10), and Kao et al. (11) demonstrated the ability of fied as essential for amplification of genomic plus
these proteins to interact with each other. The interaction strands. Evidence was obtained for sequence-specific
of p2a with a host protein copurifying with a subunit of binding of at least five barley proteins with the ICR2 motif
eIF-3 (12), together with the cofractionation of the BMV present at the 5* plus strand and the 3* minus strand
viral proteins and host proteins during purification of the BMV RNA-2 termini (Fig. 1). However, none of the pro-
viral replicase (13), implies that protein complexes com- teins binding to these termini bound to the 3* terminus
posed of viral and host proteins are essential to the of the plus strand.
Various radiolabeled promoter element-containing
fragments of BMV RNAs were used in RNA–protein inter-
1 Present address: Department of Microbiology, School of Medicine, action studies to identify viral and host proteins associat-
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ing with the cis-acting elements of BMV RNAs during8621.
replication. The replicase extract from infected barley2 To whom correspondence and reprint requests should be ad-
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219 nt of RNA-2 by using the MEGAscript transcription
kit from Ambion) completely abolished binding, whereas
binding persisted in the presence of a 30-fold excess of
an unlabeled nonspecific competitor (a fragment of the
gus gene; 23). Specificity of the interaction was further
established by the inability of a probe representing the
3* 200 nt of the plus strand of RNA-3 of BMV (23) to
recognize the proteins binding to the 5* end of the plus
strand of RNA-2 (compare lanes 1 and 3 in Fig. 2B).
However, the wild-type 3* 200 nt of the plus strand of
RNA-3 and a replication-defective mutant (Dknob) recog-
nized two proteins that did not interact with an amino-
acylation-defective mutant (D5*; arrowheads in Fig. 2B).
Since theD5* mutation confers an aminoacylation-defec-
tive phenotype on the 3* end (24), the proteins that fail
to recognize the D5* mutant could be subunits of barley
aminoacyl tRNA synthetase. Furthermore, the proteins
FIG. 1. Proposed secondary structures of BMV RNA-2. (A) The 5* that bound to the 5* terminus of the plus strand of RNA-
terminus of the plus strand (7) and (B) the 3* terminus of the minus 2 also recognized the 3* terminus of the minus strand of
strand. The ICR1 and ICR2 motifs and positions 9 and 10 in the ICR2
the same RNA (compare lanes 1 and 2 in Fig. 2B), themotif are indicated.
implications of which are discussed below.
To establish a correlation between the interaction of
proteins with the 5* terminus of the plus strand of RNA-appeared to be the protein extract of choice for these
studies. Unfortunately, the high levels of BMV coat pro- 2 and BMV RNA replication, we used previously charac-
tein present in the replicase extract proved to be an
obstacle, since it completely dominated all binding to
exogenously supplied RNA (23). To overcome this prob-
lem, we used a protein extract prepared from healthy
barley plants in RNA–protein binding experiments, pre-
pared in a manner similar to the preparation of the repli-
case extract (23).
The 5* 219 bp of the cDNA of RNA-2 were cloned into
the transcriptional vector 18U (Pharmacia) using the PstI
and SmaI sites in the polylinker to create 5* BF2
(G. P. Pogue and T. C. Hall, unpublished observations).
A radiolabeled RNA fragment representing this region of
RNA-2 was cross-linked with a protein extract from
healthy barley plants using ultraviolet light. The binding
reaction was carried out by incubating 140 mg of the
protein extract with 4 pmol of the gel-purified probe for FIG. 2. (A) An SDS–polyacrylamide gel demonstrating the specific
interaction of barley proteins with a radiolabeled probe corresponding20 min at 307. For competition assays, the gel-purified
to 219 nt of the 5* end of the plus strand of RNA-2, after being subjectedunlabeled competitor was added to the tube containing
to UV cross-linking. Lane 1 shows the binding of barley proteins in thethe probe before adding the protein extract. The RNA
absence of competitors. In lanes 2 and 3, a 30-fold excess of unlabeled
and proteins were cross-linked as described by Duggal specific competitor (the 5* end of the plus strand of RNA-2) and a 30-
and Hall (23). The cross-linked extract was then mixed fold excess of unlabeled nonspecific competitor (a 305-nt fragment of
the b-glucuronidase gene), respectively, were included in the bindingwith RNase A (2 mg) and RNase T1 (2 units). After incuba-
reaction. Positions of the molecular weight markers are indicated totion for 25 min at 377, the RNA–protein complexes were
the left. (B) An SDS–polyacrylamide gel demonstrating the specificexamined by electrophoresis in 10–12% (wt/vol) SDS –
interaction of barley proteins with the 5* terminus of the plus and the
polyacrylamide gels and autoradiography. Since the pro- 3* terminus of the minus strand of RNA-2 after the barley protein extract
tein extract was prepared in a similar manner to that was UV cross-linked to the following radiolabeled probes: 5* 200 nt of
the plus strand and the 3* 200 nt of the minus strand of RNA-2 (lanesused for extracting replicase from BMV-infected plants
1 and 2, respectively), the 3* 200 nt of the plus strand of RNA-3 (lane(see 23) with no further purification, it was not surprising
3), an aminoacylation-defective mutant in this region (3* / D5*, lanethat many proteins were found to bind the RNA (Fig. 2A,
4), and a replication-defective mutant (3*/Dknob, lane 5). Arrowheads
lane 1). However, evidence for specificity of the interac- to the right mark the positions of proteins binding to the 3* 200 nt of
tion was provided by the finding (Fig. 2A, lanes 2 and 3) the plus strand. Positions of the molecular weight markers are shown
to the left.that a 30-fold excess of unlabeled specific competitor (5*
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terized mutants in this region as probes with a protein
extract from healthy barley plants in UV cross-linking
assays. The 5* 200 bp of the cDNA of wild-type RNA-2
and the mutant derivatives were amplified by PCR using
primers with KpnI and SacI sites at the 5* and 3* ends,
respectively. The amplified products were cloned into the
KpnI and SacI sites of the polylinker of pBluescript (KS/)
(pBS; Stratagene). The deletion mutant DpICR1&2 (7)
(Fig. 3A) was found to interact with proteins having simi-
lar mobilities (Mr : 37, 36, 35, 34, and 30 kDa) to those
binding to the wild-type sequence (Fig. 3B, lanes 1 and
3). In contrast, no binding of these proteins was detected
using mutant DICR2 as probe (compare lanes 1 and 2
of Fig. 3B). Whereas the sequence ofDpICR1&2 includes
a partial deletion of the ICR1 and ICR2 motifs in the 5*
terminus of the plus strand of RNA2, the ICR2 motif is
completely absent in DICR2 (Fig. 3A). The ability of the
mutant with the larger deletion to retain binding charac-
teristics similar to that of the wild-type sequence sug-
gested that the UCC triplet at the 3* end of the ICR2
motif, which is retained in DpICR1&2 but not in DICR2, FIG. 3. (A) A linear representation of the sequence at the 5* terminus
of RNA-2. The uppercase letters denote the ICR1 and ICR2 motifs.is an important determinant for binding. This possibility
Regions deleted in mutants DpICR1&2 and DICR2 are shown as lines.was explored using the double substitution mutants
Three different substitutions of the two cytidine residues at positionsG9G10 , U9U10 , and G9A10 , in which the CC at positions 9 9 and 10 of the ICR2 motif are indicated. (B) An SDS–polyacrylamide gel
and 10 of the ICR2 motif were replaced with GG, UU, showing the proteins in an extract from uninfected barley specifically
and GA, respectively (Fig. 3A). UV cross-linking using binding to the ICR2 region in the 5* 200 nt of the plus strand of RNA-
2 after being cross-linked with UV light. Lane 1 contains a probe repre-these mutants, which are defective in plus-strand replica-
senting the 5* 200 nt of the plus strand of RNA-2 corresponding to thetion (7, 8), as probes yielded a protein profile similar to
wild-type sequence. Lane 2 contains a deletion mutant lacking the ICR2that obtained for the DICR2 mutant. The marked differ-
motif (DICR2/). Lane 3 contains a mutant carrying a partial deletion of
ence in binding observed for sequences that differ only the ICR1 and ICR2 motifs (DpICR1&2/). Lanes 4, 5, and 6 contain
by two nucleotides provides evidence that the binding double substitution mutants in which the two cytidine residues at posi-
tions 9 and 10 of the ICR2 motif have been replaced with GG, UU, andseen for the wild-type RNA may be primarily sequence-
GA, respectively. The five proteins (Mr : 37, 36, 35, 34, and 30 kDa)specific. It is reasonable to speculate that the proteins
that recognize the wild-type sequence but not the ICR2 or the doublebinding to the wild-type sequence, but not to the replica-
substitution mutants are indicated by arrowheads. The positions of
tion-defective sequences, are involved in BMV RNA repli- molecular weight markers are shown to the left. (C) An SDS–polyacryl-
cation. amide gel showing the proteins in an extract from uninfected barley
binding to the ICR2 region in the 3* 200 nt of the minus strand ofWhen the 3* 200 nt of the minus strand of RNA-2 were
RNA-2 after being cross-linked with UV light. Lane 1 contains a probeused in UV cross-linking assays, it bound to proteins
representing the 5* 200 nt of the plus strand of RNA-2 correspondinghaving similar apparent molecular weights to those rec-
to the wild-type sequence. Lane 2 contains a probe representing the
ognizing the 5* 200 nt of the plus strand (Fig. 2B, lanes 3* 200 nt of the minus strand of RNA-2 corresponding to the wild-type
1 and 2, and Fig. 3C, lanes 1 and 2). Moreover, as for sequence. Lane 3 contains a mutant carrying a partial deletion of the
ICR1 and ICR2 motifs (DpICR1&20). Lane 4 contains a deletion mutantthe plus orientation, theDpICR1&2 mutation in the minus
lacking the ICR2 motif (DICR20). Lanes 5, 6, and 7 contain doubleorientation bound the same proteins that associated with
substitution mutants in which the two guanine residues at positions 9the wild-type sequence (Fig. 3C, lane 3). In contrast, the
and 10 of the ICR2 motif have been replaced with CC (G9G100), CUDICR2 and the three double substitution mutants in the (G9A100), and AA (U9U100), respectively. The positions of the molecular
minus orientation did not interact with the same host weight markers are shown to the left.
proteins (Fig. 3C, lanes 4 to 7). Since the complementary
plus and minus strands do not have exactly the same
sequence, it seems possible that both sequence and be undertaken toward resolving the protein interactions
observed.structure are, in fact, involved in the observed binding.
Interestingly, a long and very stable (DG050.2) stem – Hayes et al. (26) have demonstrated the binding of
tobacco and spinach proteins to the 3* termini of theloop structure is predicted (25) for the 3* 200 nt of the
minus strand (Fig. 1B). This is very different from the minus-strand RNA of cucumber mosaic virus, tobacco
mosaic virus, and red clover necrotic mosaic virus. How-structure predicted for the 5* end of the plus strand (Fig.
1A), and it is evident that chemical analysis of the actual ever, in contrast to our findings, no binding to the 5*
termini of the plus strands of the RNAs of these virusesstructures present at the termini of both strands must
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